Background Cortical bone represents nearly 80 % of human bone mass and is the major determinant of bone strength; however, cortical bone parameters and their relationship to trabecular bone in the pediatric chronic kidney disease (CKD) population have not been evaluated.
Introduction
Cortical bone represents nearly 80 % of human bone mass and is the major determinant of bone strength, and cortical porosity due to elevated intracortical remodeling rates has been implicated in the high incidence of fractures in postmenopausal women [1] . Renal osteodystrophy, the term used to describe the spectrum of bone lesions associated with chronic kidney disease (CKD), is associated with increased fracture rates, bone pain, deformities, and (in children) decreased linear growth [2, 3] . While renal osteodystrophy has traditionally been classified according to bone turnover in trabecular bone, bone biopsy data has demonstrated that high rates of bone turnover in trabecular bone may also be associated with increased cortical porosity in adult dialysis patients [4] .
Bone histology remains the gold standard for the diagnosis and treatment of renal osteodystrophy; however, cortical bone histomorphometry has not been evaluated in children with CKD. Imaging studies have suggested that lower cortical area, thickness, and density are associated with an increased risk of fracture [5, 6] , and some quantitative computed tomography (CT) data suggest that childhood CKD and secondary hyperparathyroidism may be associated with reduced cortical area and bone mineral density (BMD) [7] . Significant cortical thinning may also be present following renal transplantation [8] , although some data suggest that cortical bone density may not differ in predialysis CKD patients when compared with healthy controls [9, 10] . Despite the importance of cortical bone for overall bone strength, and despite suggestions from imaging studies that cortical bone structure and strength may be altered in CKD, no studies to date have assessed the relationship between histomorphometric parameters of cortical and trabecular bone in the pediatric CKD population. This study was thus designed to characterize cortical bone by histomorphometry and compare parameters of turnover, mineralization, and volume between cortical and trabecular bone in pediatric patients treated with maintenance dialysis.
Methods

Patients
Medically stable pediatric patients (age 2-21) treated with continuous cycling peritoneal dialysis (CCPD) were eligible for the study. Patients treated with immunosuppressant agents, those on growth hormone, and those who had undergone parathyroidectomy within the previous 12 months were excluded from the study. Vitamin D sterol therapy was withheld for at least 4 weeks prior to bone biopsy. All patients received calcium carbonate as a phosphate binder. The dialysate calcium concentration was 3.5 mEq/l (Dianeal; Baxter, Deerfield, IL, USA), and dextrose concentrations were determined according to ultrafiltration requirements. For purposes of analysis, patients were divided into two groups: those with trabecular bone turnover above the normal range (high trabecular bone turnover; n=12), as previously defined [11] , and those with trabecular bone turnover within or below the normal range (normal/ low trabecular bone turnover; n=10). The study was approved by the UCLA Human Subject Protection Committee. All patients had informed consent signed by their legal guardian.
Bone histomorphometry
Patients were admitted to the UCLA Clinical Translational Research Center where full-thickness bone biopsies were obtained from the anterior iliac crest (2 cm below the anterior superior iliac spine) using a modified Bordier trephine needle after double-tetracycline labeling, as previously described [12] . Biopsy specimens were 0.5 cm in diameter × 1-2 cm in length. Specimens were dehydrated in alcohol, cleared with xylene, and embedded in methyl methacrylate. Static histomorphometric parameters were evaluated in undecalcified 5-μm sections treated with modified MassonGoldner trichrome stain; tetracycline labeling was assessed in unstained 10-μm sections. Primary bone histomorphometric parameters were assessed in trabecular and cortical bone under 200x magnification using the OsteoMetrics R system (OsteoMetrics, Decatur, IL, USA) by histomorphometrists (CC and RP) blinded to biochemical values. External and internal cortices were analyzed separately. Since soft tissue on both periosteal surfaces had been removed, criteria other than presence of muscle [13] were used to distinguish the two cortices. The cortex with the greater thickness of subperiosteal primary intramembranous bone, characterized by fine collagen lamellae of low birefringence, running parallel to the periosteal surface and being traversed at angles of 45-60°by Sharpey's fibers [14] , was taken to be the external cortex. Mineralized bone was defined by light blue staining areas; orange seams at least 1.5 μm in width were included in osteoid measurements. Derived indices were calculated by standard calculations [15, 16] . Bone pathology in both trabecular and cortical bone was characterized using the Turnover, Mineralization, and Volume (TMV) classification for renal osteodystrophy [2] . Histomorphometric analysis of cortical bone turnover, mineralization, and volume was also performed using Osteometrics ™ software. 
Statistical analysis
Determinations of bone parameters and biochemical variables are reported as mean ± standard error (SE) for normally distributed variables or median and interquartile range (IQR) for skewed values. Student's t , Wilcoxon rank-sum, or chisquare test was used to evaluate differences between groups; paired t test was used to evaluate differences in parameters between internal and external cortices. Pearson's correlation coefficient was used to express the relationship between bone histomorphometric variables and biochemical parameters and between trabecular and cortical bone variables; skewed values were log-transformed prior to correlation analysis. All statistical analyses were performed using SAS software (SAS Institute Inc., Cary, NC, USA), and all tests were two sided. A probability of type 1 error < 5 % was considered statistically significant, and ordinary p values are reported.
Results
Patient characteristics and biochemical parameters according to trabecular bone turnover rate Twenty-two patients (12 girls, 10 boys) met entry criteria and were enrolled in the study. Average patient age was 10.4 ± 0.7 years, with ages ranging from 2.0 to 15.8 years. All patients were either prepubertal or pubertal. Twelve patients (54.5 %) had high bone turnover on trabecular analysis (10 with osteitis fibrosa and 2 with mild lesions of secondary hyperparathyroidism). Five patients had low bone turnover (4 with adynamic bone disease and 1 with osteomalacia). Five patients had trabecular bone turnover within normal range. Although by definition bone formation rates were slightly higher in patients with normal bone turnover than in those with adynamic bone, the majority of the remainder of bone histomorphometric parameters (both cortical and trabecular) and biochemical parameters did not differ between these two groups (Supplemental Tables 1-3) ; thus, for purposes of analysis, patients with low and normal bone turnover were grouped together and compared with patients with high trabecular bone turnover. Biochemical values are displayed in Table 1 . Serum calcium levels were in the normal range in the majority of patients but were lower in patients with high trabecular bone turnover than in those with normal/low trabecular bone turnover (p<0.05). Serum PTH concentrations were higher in patients with high trabecular bone turnover (p<0.05), although serum alkaline phosphatase and phosphorus values did not differ between groups; 25(OH)vitamin D levels were < 30 ng/ml [17] in 73 % of patients, and values were below 20 ng/ml [18] in 59 %. Levels did not differ between groups. Similarly, IGF-1 levels did not differ between groups.
Bone variables according to trabecular bone turnover rate Table 2 displays trabecular and Table 3 cortical bone parameters in patients with adynamic/normal trabecular bone turnover compared with those with high trabecular bone turnover. By definition, trabecular bone formation rate and osteoid accumulation were higher in patients with high than those with normal/low trabecular bone turnover; however, parameters of trabecular bone volume did not differ between groups. The rate of external cortical eroded surfaces was higher in patients with high trabecular bone turnover, although no other parameters of cortical bone differed between groups. Interestingly, osteonal osteoid surface (OS/BS) and cortical porosity were greater in the external than in the internal cortex in patients with high trabecular bone turnover (p < 0.05), although no such difference was observed between cortices in patients with normal/low trabecular bone turnover.
Relationship between biochemical and bone parameters Consistent with previous data [19] , trabecular bone turnover was significantly correlated with both alkaline phosphatase and PTH levels (r=0.67, p<0.01; r=0.86, p<0.01, respectively) but inversely related to serum calcium concentrations (r=−0.55, p<0.01). Static parameters of trabecular mineralization, as measured by osteoid volume (OV/BV), osteoid surface (OS/BS), and osteoid thickness (O.Th) were similarly correlated with alkaline phosphatase (r=0.62, p<0.01; r=0.53, p<0.01; r=0.70, p<0.01, respectively) and PTH (r=0.93, p<0.01; r=0.83, p<0.01,; r=0.85; p<0.01, respectively) and inversely related to serum calcium concentration (r= −0.67, p<0.01; r=−0.65, p<0.01; r=−0.56, p<0.01, respectively). By contrast, trabecular mineralization lag time was inversely related to both alkaline phosphatase and PTH concentrations (r=−0.66, p<0.01; r= −0.70, p<0.01, respectively), while trabecular osteoid maturation time was not related to any biochemical variables.
In contrast to the strong traditional associations between trabecular bone and serum biochemical values, cortical bone 
Discussion
This is the first study to evaluate cortical bone through histomorphometric analysis in a pediatric CKD population. In this group of dialysis patients, internal cortical osteonal bone formation rate and porosity were related to circulating alkaline phosphatase value, and both external and internal cortical osteoid accumulation were directly related to trabecular bone osteoid accumulation, alkaline phosphatase, and PTH levels. Stronger relationships were observed between biochemical variables and trabecular parameters of both osteoid accumulation and bone turnover. Differences in cortical bone porosity and osteoid surface were observed between internal and external cortices in patients with high trabecular bone turnover, although not in those with low trabecular bone turnover As cortical bone is the major determinant of bone strength, architectural changes in this skeletal compartment could account for the greatly increased fracture risk in the CKD population. In postmenopausal women with normal kidney function, an increased risk of boney fragility and fractures has been correlated with cortical porosity and thinning [20, 21] . Cortical bone biopsy analysis in CKD patients is scarce; however, data by Malluche et al. suggested that high trabecular bone turnover in patients treated with chronic dialysis is associated with increased cortical porosity and a greater degree of cortical erosion [4] , features similar to those found in individuals with primary hyperparathyroidism [22, 23] . Our study reported here confirmed a greater degree of erosion present in cortical bone in children with secondary hyperparathyroidism than in those with normal or low trabecular bone turnover. Interestingly, however, this difference was apparent primarily in external, not internal, cortical bone. Similarly, differences in osteoid accumulation were apparent between external and internal compartments in patients with high trabecular bone turnover, with greater osteoid accumulation consistently apparent in the external cortex. These findings suggest that one cortex-namely, the external cortex-may be more metabolically active and/or sensitive to PTH than the other, a finding which is supported by the stronger relationship between biochemical and trabecular bone parameters than between biochemical and cortical bone and the lack of correlation between cortical and trabecular bone formation rate. Rauch et al. described that osteon number may be greater in the external than the internal cortex and that the bone formation rate and relative percentage of active osteons may be greater in the internal than the external cortex [13] . These findings are consistent with our study demonstrating differences in bone turnover between the two cortices. However, findings that the external cortex appears more active than the internal cortex appears to differ in patients with secondary hyperparathyroidism from individuals with normal development and suggests a potential cause of bone fragility in these patients. The cortical bone evaluated in this study was obtained from the iliac crest rather than from long bone, complicating the interpretation of any comparison with pathology affecting the appendicular skeleton; however, it is important to note that both iliac crest and long bones are derived from endochondral bone formation; thus, the processes by which both are formed are similar. Since patients in the study were all either prepubertal or pubertal, differences between internal and external cortices may be unique to growing children and may reflect the asymmetric process of modeling in the pediatric population. Furthermore, although weight-bearing biomechanics play a large role in the asymmetric development of deformities in patients with highturnover renal osteodystrophy, differences in porosity and bone turnover between internal and external characteristics may play an additional role. How current therapies, including phosphate binders, active vitamin D sterols, and growth hormone affect these cortical parameters remains unknown but could have implications for bone growth and strength in the pediatric population.
In conclusion, this study demonstrates that secondary hyperparathyroidism is associated with increased external cortical, relative to internal cortical, osteonal activity in pediatric dialysis patients. Although its clinical consequences are incompletely defined, further studies of the prevalence of cortical bone abnormalities, their response to therapy, and their correlation with clinical outcomes are warranted, given the high rates of fractures, boney deformities, and disability rates of young people affected with CKD [3] .
